A class of erythromycin-resistant mutants of Staphylococcus aureus studied by Chabbert (3) was unexpectedly found to remain sensitive to other macrolide antibiotics, e.g., spiramycin (3) or oleandomycin (7) . Garrod (7) termed this pattern of response "dissociated resistance." Further studies on mutants of S. aureus showing dissociated resistance have yielded the surprising result that, in the presence of erythromycin, these strains appeared to be resistant to spiramycin (3) , lincomycin (1, 8) , and tristinamycin I (2) . The present studies were undertaken in an attempt to define the classes of antibiotics whose action is antagonizable by erythromycin.
MATERIALS AND METHODS
Antibiotic sensitivity assays were performed by pouring bacteria in soft agar over plates prepared from a medium containing (in grams per liter): peptone, 5; yeast extract, 5; K2HPO4, 1; glucose, 2; agar, 20. The soft agar had the same composition except that 5 g of agar was used instead of 20. After the soft agar layer hardened, the various sensitivity discs were applied. The plates were then incubated for 18 hr at 37 C.
The S. aureus strains used are listed in Table 1 . The antibiotic discs together with the respective abbreviations and the level of antibiotic contained are listed in Table 2 .
RESULTS
Studies by Davies (6) , Vazquez (14, 15) , and Taubman et al. (13) , as well as studies in our laboratory (4, 5; (Fig. 1) . Erythromycin antagonized all of the microlides) spiramycin, carbomycin, triacetyl oleandomycin, and niddamycin) and lincosaminides (lincomycin and 7-chloro-7-deoxylincomycin) tested, but not chloramphenicol or amicetin. Antagonism of spiramycin in strain CR-27(C-) can be seen more clearly in a later figure.
In subsequent experiments (data not shown), it was found that erythromycin could also antagonize the action of the macrolide tylosin.
It should also be noted that, although inhibition of strains 1206, CR-51, and CR-27(C-) by the macrolides carbomycin, triacetyl oleandomycin, and niddamycin is erythromycin-antagonizable, these strains are as sensitive as the Copenhagen wild-type strain (Copen+) to carbomycin, triacetyl oleandomycin, and niddamycin in the absence of erythromycin. Moreover, in the process of acquiring resistance to erythromycin, the Copen+ strain appears to have acquired coresistance to triacetyl oleandomycin.
Streptogramin antibiotics which were tested included streptogramin A and vernamycin A which belong to the A group and viridogrisein and vernamycin Ba which belong to the B group. COPEN+ These two groups are also inhibitors of the SOS subunit (14, 15) . Erythromycin antagonizability was observed only with respect to the streptogramin B-type antibiotics (Fig. 2) . This finding is consistent with the recent observations of Bourse and Monnier (2), who reported that pristinamycin I (a streptogramin B type) was antagonizable by erythromycin but pristinamycin II (a streptogramin A type) was not. Spiramycin and sparsomycin were also tested. A sufficiently wide zone of inhibition by sparsomycin could not be obtained under the conditions used. However, in strains 1206 and CR-51 there was no indication that the narrow inhibitory zone around the sparsomycin disc was in any way influenced by erythromycin. Antagonism of spiramycin was clearly seen in strain CR-27(C-).
Since all of the antibiotics studied above are inhibitors of the 50S subunit, we next inquired whether inhibition by antibiotics which act at other sites could also be antagonized by erythromycin. Therefore, we tested a group of antibiotics whose site of action had been (i) localized to the 30S subunit, namely, tetracycline, chlortetracycline, streptomycin, neomycin, and kanamycin; (ii) tentatively identified as the 30S subunit, namely, pactamycin, bottromycin; or (iii) associated with a function which requires both 305 and 50S subunits, namely, fusidic acid. The Table 2 . The antibiotics surveyed are known to be inhibitors of 50S ribosomal subunit function.
VOL. 98, 1969 WEISBLUM AND DEMOHN basis for these assignments of subunit specificity has recently been reviewed (17) . Antagonism was not observed to any of these antibiotics in any of the strains tested (Fig. 3) Several groups of investigators (9-11, 16) have examined the effects of erythromycin in strains which display dissociated resistance. One interesting aspect of the behavior of these strains, not directly observable in the sensitivity-disc experiments, is the fact that erythromycin at subinhibitory concentrations (0.001 to 0.1 ,ug/ml) can "induce" resistance to itself (16) . Garrod (7) (16), however, concluded by colony count that an initially sensitive population (i.e., originally fully resistant but grown in the absence of erythromycin) was fully resistant to erythromycin (100 ,ug/ml) after incubation for 1 hr in a medium containing 0.1 ug of erythromycin per ml. Induction in their strain did not occur at a concentration of erythromycin less than about 0.001 ,ug/ml or greater than 5 ,u/ml. Weaver and Pattee (16) also noted that resistant cells were present within 15 min after induction was begun. This explains why a resistant S. aureus strain of the dissociated type, even after passage in antibiotic-free medium, appears resistant to erythromycin when tested by the disc method. For, as erythromycin diffuses out of the test disc, the bacteria are first exposed to an inducing range of erythromycin concentrations. In contrast, spiramycin and carbomycin are not inducers (16); however, after induction by erythromycin, cells can express resistance to these antibiotics. This accounts for the zone of inhibition around the discs containing these antibiotics and the antagonism observed proximal to the erythromycin disc ( Fig. 1 and 2 ).
Another property of induced cells is their inability to concentrate erythromycin (10) . This could either be the result of decreased transport or of decreased ribosomal binding of the drug.
Currently available data also suggest that the ribosome may be directly involved inasmuch as the 50S subunit is, thus far, the only known structure which interacts specifically with all of the antibiotics whose action is antagonizable. How might this effect be mediated? Competitive interactions specifically involving only antibiotics which act on this subunit have been described (5, 14, 15 (14) , antagonism of chloramphenicol action in intact cells was not seen in this study. This finding appears to be inconsistent with the suggestion that the competitive interactions between various inhibitors of the 50S subunit are somehow directly related to erythromycin antagonizability. Moreover, reversal by erythromycin of 14C-chloramphenicol binding to ribosomes or of the inhibition of peptide bond formation by lincomycin requires erythromycin concentrations in the range 10-6 to 1O-4 M, whereas erythromycin-induced resistance occurs at concentrations as low as 10-9 M. This suggests that the effect of erythromycin on the ribosome may not be a direct one. Therefore, it would be of interest to characterize the nature of the competitive interaction between 50S inhibitors with respect to the question of whether identical, overlapping, or distinctly separate but interacting binding sites are involved and to correlate this with the type of resistance pattern which is observed.
The interpretation of these results is also complicated by the fact that the bacterial strains which display dissociated resistance have thus far been isolated only from natural sources, and attempts to select such strains in the laboratory from originally sensitive strains have not succeeded. This suggests a possible episomal contribution to the dissociated type of resistance discussed above or, alternatively, a rare mutation which is not readily selected in the laboratory because of its low frequency. Pattee and Baldwin (11) If erythromycin antagonizability reflects the expression of some genetic element which directs the synthesis of antibiotic-inactivating enzymes, it would have to be an exceptional one which is inducible by erythromycin and possesses a broad specificity enabling it to inactivate three different classes of 50S inhibitors. Thus far, attempts to detect conversion products of erythromycin or products arising from chemical interaction between erythromycin and lincomycin have not succeeded in revealing any components of altered chromatographic mobility (8, 9) .
We have also searched for possible transformation products of 14C-erythromycin and 14C-lincomycin incubated for 30 min with induced cells of S. aureus 1206. Samples of the culture, either directly or after boiling or toluene treatment, were fractionated by paper electrophoresis (50 v/cm for 60 min) with a buffer composed of 10 ml of pyridine, 10 ml of glacial acetic acid, and 980 ml of water (pH 4.6). Under these conditions, erythromycin and lincomycin migrated approximately 10 to 12 cm toward the cathode, and no radioactive conversion products of "IC-erythromycin or '4C-lincomycin were detected (data not shown). These findings would only rule out phosphorylation or adenylylation but not 0-acetylation since only the former would produce a charge difference.
In conclusion, we are dealing with a form of resistance to erythromycin which, initially, does not extend to other macrolides. Cells grown in the absence of erythromycin become sensitive, however, and low levels of erythromycin induce most of the population to resistance, expressible within 15 min, to much higher levels of erythromycin as well as to other macrolides. In these strains, erythromycin also induces resistance to lincosaminides and streptogramin (B-type) antibiotics. The resistance which is induced appears to involve only inhibitors of the 50S ribosomal subunit.
The main questions which arise from these studies are as follows. (i) What is the product induced by erythromycin? Presumably it is a protein.
(ii) How does this product confer resistance to inhibitors of the 50S subunit exclusively?
Tentatively, this resistance could be mediated through specific modifications of the 50S ribosomal subunit or of cellular permeability to some antibiotics which act on this subunit.
